As fractures are the major flow channels for multiphase flow in naturally and hydraulically fractured reservoirs, the accurate prediction of multiphase flow in fractures is highly important. The oil-gas-water three-phase relative permeability relations in fractures define the hydrodynamics of multiphase fluids flow and are necessary for modeling of multi-phase flow in fractured reservoirs.
Introduction
Multiphase flow in naturally fractured reservoirs and hydraulically fractured reservoirs, which holds major part of the world's remaining hydrocarbon reservoirs, is strongly influenced by fractures in the geological formations (Lei et al., 2014) . The study of three-phase relative permeability was reported as early as 1941 by Leverett and Lewis (1941) .
They conducted steady-state three-phase relative permeability measurements in a tightly packed sand core. Corey et al. (1956) reported results of three-phase relative permeability measurements in Berea sandstone and proposed a model for prediction of three-phase relative permeability with assuming that the oil relative permeability depends on two saturations due to the dependence of residual oil saturation on two saturations.
They suggested that the water phase isoperms and gas phase isoperms were straight lines. Sarem (1966) modified three-phase relative permeability measuring techniques by using unsteady-state technique. Donaldson and Dean (1965) used Sarem's technique to measure three-phase relative permeability in Berea sandstone. Saraf and Fatt (1967) developed a new technique using NMR for in-situ saturation measurements in three-phase flow system. Stone (1970) proposed the StoneⅠ model for prediction of three-phase relative permeability. Stone (1973) proposed the StoneⅡ model using four two-phase flow relative permeability curves (two for oil-water and two for oil-gas) for predicting three-phase relative permeability. Dietich and Bonder (1976) proposed a model accounted for reduction in oil relative permeability due to the presence of a third phase. Spronsen (1982) measured a three-phase system in Berea sandstone using the centrifuge method. Saraf, et al. (1982) , Grader and O'Meara (1988), and Maini, et al. (1990) measured the three-phase relative permeability using steady-state and unsteady-state methods. In addition, there have been more models (Maini, et al. 1989; Hustad and Hansen, 1995; Oosrom and Lenhard, 1998; Balbinski, et al., 1999) proposed for prediction of three-phase relative permeability. Oak, et al. (1990) and Oak (1990) conducted a three-phase relative permeability measurement on water-wet fired Berea sandstone core and presented about 1,800 data collected The first relative permeability models for fracture systems were established by Romm (1966) based on experimental results using kerosene and water. And Romm suggested that two-phase flow in fractures can be modeled by straight-line. However, many scholars (McDonald, et al.,1991; Pieters and Graves,1994; Fourar and Bories,1995; Diomampo,2001; Speyer, et al.,2007) had proved that relative permeability curves in fractures were not a simple linear function of saturation with experimental evidence.
Many different theoretical studies have been conducted to examine multiphase flow in fractures (Bodin, et al. 2003; Iwai, 1976; Reis, 1990; Shad and Gates 2010; Chima, et al. 2010; Chima and Geiger, 2012) . Shad and Gate (2010) Geiger's (2012) two-phase models, a novel model which can predict three-phase relative permeability in fracture systems will be proposed in this paper. Although our three-phase relative permeability model is for fracture systems and different from previous models, the results of our studies match the previous studies (Corey, et al., 1956; Donaldson and Dean, 1966; Saraf, et al.,1982; Oak,1990; and Maini, et al.,1990) .
Mathematical Model
The following assumptions are made to derive the proposed mathematical model of oil-gas-water relative permeability curves in the fracture (Chima, et al., 2010; Chima and Geiger, 2012; Lei et al., 2014) 1. Flow is laminar and in steady-state; Eq. 1 to 3 is applied to water phase, gas phase, and oil phase, respectively. Eq. 1 implies that water relative permeability is only function of its saturation. Eq. 2 illustrates that gas relative permeability depends on all other phases' saturation. Eq. 3 reveals that oil relative permeability is not only function of saturation but also depends on water and gas saturations and oil-water two-phase viscosities. However, if µg is much lower than µ w and µ o , Eq. 2 can be simplified as
Eq. 4 illustrates that gas relative permeability is only function of gas saturation when gas viscosity is much lower than all other phases' viscosity.
Model Validation and Model Analysis
With the basic parameters (Table 1 ) applied in the novel model, the oil-gas-water three-phase relative permeability curves in the fracture systems was estimated by the Eq. 1 to 3 and oil-gas-water three-phase isoperms of the study are given in Figure 2 . The results of this study confirm the dependency of water and gas relative permeabilities on their own saturations, and oil phase relative permeability to all the phases. The study also shows that the isoperms of water and gas phases are function of their own saturations.
However, oil isoperms are not only function of oil saturation but also had significant curvature (concave towards the 100% oil saturation) which has the same conclusions with the previous studies (Corey, et al., 1956; Donaldson and Dean,1966; Saraf, et al.,1982; Oak,1990; and Maini, et al.,1990) . in-between water phase and gas phase. Under the same oil saturation, gas saturation decreases with the increase of water saturation. For the same thickness of oil bed, the larger water saturation is (e.g. the larger the thickness of water bed in the fracture is), the lower the thickness of gas bed is, the closer to the center of the fracture oil phase flow occurs and the faster oil phase flows in the fracture.
As the results shown, the greater oil relative permeability is. wetting phase (water phase) provides lubrication. Figure 5 also shows that water saturation intensifies the influence of viscosity ratio to oil relative permeability. The effect increases with the increase of water saturation. 
Conclusions
The following main conclusions can be drawn from this study: Based on the boundary conditions (Chima, et al., 2010; Chima and Geiger, 2012; Lei, et al., 2014) Condition 6: at = ℎ 1 + 2ℎ 1 + ℎ , = 0
With the boundary conditions 1-4, we can find that 1 = 1 = 1 = 1 = 1 = 1 . When Newton's law of viscosity is substituted into Eq. A2 to A6, the velocity equations for water phase at the bottom, oil phase at the bottom, gas phase, oil phase at the top and water phase at the top can be written as, The average velocities for each phase are calculated as (Chima, et al., 2010; Chima and Geiger, 2012; Lei, et al., 2014 ), Rearranging Eqs. A20 to A22 give the relative permeability for oil-gas-water three-phase, Eqs. A23, A24 and A25 are the proposed equations to estimate oil-gas-water relative permeability curves in fractures.
Appendix B
For the fracture geometry and flow configuration shown in Figure 1 , the following equations can be obtained as, The equalities , and are given below (Chima, et al., 2010; Chima and Geiger, 2012; Lei, et al., 2014 ): 
